Silver dimers embedded in ultracold helium nanodroplets are ionized by twophoton excitation via a strong resonance which extends from 3.85 eV up to 4.1 eV. The corresponding photoelectron spectra reveal that the ionization threshold is shifted by more than 1.4 eV towards lower values when compared to the gas phase. This gives strong evidence that weakly bound dimers in the lowest lying triplet state are present, thus enabling convenient spectroscopy of the triplet Ag 2 . A comparison with predictions from theory allows an assignment of the structure in the spectra. The successful identification of triplet silver dimers embedded in helium droplets shows exemplarily that the formation of such weakly bound systems is not restricted to surface locations as with the alkalis, but represents a general feature of the ultracold helium droplet environment.
Introduction
Helium nanodroplet isolation spectroscopy (HENDI) has proven to be a powerful tool for studying small aggregates at sub-Kelvin temperatures [1] . Further advantages come from the liquid environment which allows us to neglect crystal matrix contributions and also the high transparency of helium over a broad wavelength range. In addition, the large de Broglie wavelength of the cold helium ensemble introduces quantum effects into the droplet environment. For example, fingerprints of superfluidity were found for embedded molecules [2] . More recently, the group of Jäger [3] studied OCS-He N (N = 2, . . . , 8) complexes by infrared and microwave spectroscopy, and observed that even in the first solvation shell, helium atoms partially decouple from the rotation of the molecule. For polar molecules such as HCN, the formation of long linear chains was observed [4] which indicates that the droplet environment is a fortuitous medium to allow for the formation of structures far from equilibrium. Moreover, the open shell electronic configuration of metal atoms strongly 1 Present address: DESY Notkestrasse 85, D-22607 Hamburg, Germany.
influences the interaction with the environment. In the case of alkali atoms, the Pauli principle prohibits the penetration into droplets due to the extended valence electron wavefunction. As a consequence, dimers and trimers form on the surface primarily in weakly bound triplet and quartet states, respectively [5, 6] . Ancilotto et al [7] were able to explain that in particular the alkalis reside on the surface, but other metals penetrate. The group of Toennies [8] has shown that the silver atom is indeed located inside the droplet, but ejected when excited in the 5p 3/2 state. The optical spectra of Ag 2 , Ag 3 and Ag 8 have been recorded by resonant two-photon ionization spectroscopy (R2PI) [9, 10] , and good agreement was found when comparing the signal from Ag 8 with quantum chemical calculations [11, 12] . Recently, we extended the measurements by recording the kinetic energy of the photoelectrons after R2PI which we have termed resonant two-photon electron spectroscopy (R2PES) [13, 14] . For Ag 3 and Ag 8 , evidence was found that vibrational excess energy is quickly transferred into elementary excitations of the droplet on a picosecond time scale. Here, we will concentrate on the photoemission from Ag 2 . From the gas phase, the ionization potential (IP) is known to be 7.66 eV [15] . The R2PI of the dimer inside the helium droplets was first performed by Federmann et al [9] , and absorption above 3.8 eV was assigned to transitions into high vibrational levels of the first excited singlet state A 1 + u ← X 1 + g . In this contribution, a reinterpretation of the origin of the optical absorption band at 4 eV will be given and attributed to excitation of dimers in the lowest triplet state, which are formed within the droplets.
Experimental setup
A description of the machine to generate a doped helium nanodroplet beam is given elsewhere [16] . Briefly, after expansion of pre-cooled helium gas at a pressure of 20 bar through a tiny nozzle (5 µm diameter), droplets are formed. Choosing the temperature at the orifice (16-9 K), one tunes the mean size between 10 3 and 10 6 atoms per droplet [17] . By passing a heated oven filled with the desired material, individual atoms are loaded into the droplet and form dimers as well as larger systems progressing up to about 200 atoms [10] . After an additional differential pumping stage, the beam enters the interaction regions where pulsed light (5 to 8 ns duration) from tunable laser systems intersects perpendicular to the droplet beam. The resulting ions and photoelectrons are detected and analysed by time-of-flight mass spectrometry (TOFMS) and photoelectron spectroscopy (PES), respectively. The TOF mass spectrometer is equipped with a static two-stage ion reflector which improves the mass resolution up to m/ m = 4000. The electron spectrometer uses a bottle-type magnetic field to guide almost all of the emitted electrons towards the channelplate detector. A time-of-flight detection scheme is applied to measure the kinetic energies of all photoelectrons simultaneously and thus compensate for the low target density of the doped droplet beam. The electron spectrometer is calibrated by multiphoton ionization of bare magnesium atoms, using various wavelengths of a broadly tunable OPO laser system. The energy resolution was found to be approximately 20 meV at an electron kinetic energy E kin of 1 eV. For studying the relaxation dynamics the pump-probe technique (PP) is applied. For this purpose, nanosecond laser pulses of different wavelengths are time delayed by using trigger pulses from a commercial delay generator with a time resolution of less than a nanosecond.
Results and discussion
In order to measure the optical spectra of a given molecule, the R2PI technique is applied. Single pulses of photon energy hν are used for excitation into the absorption band and Figure 1 . Resonant two-photon ionization spectrum of Ag 2 embedded in helium droplets having a mean size of 10 nm. Beyond 3.85 eV, the dimer starts to absorb photons and a broad band appears in the spectrum which extends up to 4.1 eV. At least two excited states seem to contribute, one of them being the 3 3 + g state [18] . At the high-energy wing of the absorption band, dissociation of the dimer takes place, leading to a corresponding signal in the monomer channel.
subsequent ionization. Figure 1 shows the R2PI spectrum of Ag 2 where we concentrate on photon energies above 3.80 eV. An absorption band is present extending from 3.85 up to 4.10 eV. The shape of the resonance structure indicates that two transitions may contribute, one centred at 3.93 eV and the other around 4.0 eV. In a first step, we recall the electronic properties of the singlet system. The potential energy curves are well known from spectroscopic measurements and theoretical work [18] . For photons of about 4.00 eV, only the A state 1 + u is accessible (0-0 transition at 2.85 eV [19] ). All others can be neglected because more than 4.44 eV [20] is necessary to excite into the next electronic level (B 1 u ). In [9] the absorption band was assigned to a transition into highly excited vibrational levels of the singlet A state about 1 eV above the potential minimum. The low-energy onset of the absorption band was interpreted as the minimum photon energy which is necessary to ionize the system by the R2PI method. However, calculating the corresponding Franck-Condon (FC) factors using the program Level 7.5 [21] , one finds that the probability is quite low for transitions into these highly excited vibrational levels.
In order to assign the absorption band shown in figure 1 to an electronic transition of the silver dimers, we compare the spectrum with the Franck-Condon factors calculated for optically allowed transitions. Figure 2 shows some of the considered potential energy curves extracted from [18] . The only transition closely resembling the absorption band is 3 g may influence the observed shape. On the high-energy side of the absorption band, some of the dimers fragment as the same vibrational progression with a spacing of about 12 meV (100 cm −1 ) is observable as in the monomer signal, see figure 1 . This hints at the presence of unbound or weakly bound states which may lead to the observed dissociation. The relatively broad structures between 4.02 and 4.08 eV in the R2PI spectrum are typical for pre-dissociation. Probable decay channels are the separated atom limits Ag ( 2 S 4d 10 5 s) + Ag ( 2 P 1/2 4d 10 5p) or ( 2 P 3/2 4d 10 5p) which are located 3.77 eV or 3.89 V above the minimum of the 1 3 + u state of the dimer [18, 22] . Unfortunately, there are no theoretical calculations available for repulsive energy curves of the silver dimer in order to verify possible avoided crossings leading to coupled states photodissociation.
To further solidify the assignment of the absorption, corresponding resonant two-photon electron spectra (R2PES) were recorded. A problem arises from the broad cluster size distribution which is present in the molecular beam. A photoelectron event at the detector cannot be clearly assigned to emission from the dimer system under study. Fortunately, most of the excited levels in metallic particles have short lifetimes in the femtosecond to picosecond range. Since such fast processes cannot be probed by the nanosecond R2PI, the number of cluster sizes which have to be taken into account is reduced. Within the photon range of interest (3.85-4.10 eV), only photoemission from silver octamers partially contributes [9, 10] . The absorption band of Ag 8 extends from 3.93 up to 4.07 eV. Since no coincidence technique is applied in our measurements, one must ensure that photoemission results mostly from embedded Ag 2 . With reference to the method described in [13] , the droplet source conditions were set to a nozzle temperature of 14 K and a low vapour pressure within the oven cell to ensure that the pick-up and formation probability of dimers is much larger compared to the octamers. By tuning the laser system towards the maximum of the Ag 8 absorption band at 3.97 eV (312 nm), the mass spectrum shows as desired an ion signal almost exclusively from Ag 2 . The corresponding two-photon electron spectrum can therefore unambiguously be assigned to emission from the dimer, see figure 3 . Since the ionization potential of Ag 2 has been measured to be 7.66 eV [23] , only electrons with kinetic energies of a few hundred meV would be expected for ionization of silver dimers from the ground state with a total photon energy 2hν of roughly 8 eV. Instead, much higher energies are detected with a maximum at about 1.6 eV. According to [18, 24] , the potential minimum of the 1 3 + u potential is located 1.53 eV above the ground state of Ag 2 ; therefore less energy is needed to overcome the IP. Two additional points have to be emphasized. Firstly, the energy difference between the excited states of the neutral accessible in our experiment and the first excited state of Ag + 2 exceeds the available photon energy, and therefore the system must always perform a transition into the Ag + 2 ground state. Secondly, the interatomic distance of the atoms in the excited states is similar to that of the dimer ion. Thus, only transitions into low vibrational levels of the ion are expected. The origin of the resulting R2PE spectrum therefore differs from the static one-electron picture in common photoelectron spectroscopy where one measures the density of states of the ion in the geometry of the neutral. In this particular case, one obtains Photoelectron Intensity Figure 3 . Left: R2PE spectrum of silver dimers embedded in helium nanodroplets. Photons of 3.965 eV are used for excitation. The energy scale is plotted relative to the singlet X 1 + g ground state. Right: a comparison of PE spectra recorded at slightly different excitation energies indicating that several states are populated by strongly photon energy-dependent relaxation processes. These non-radiative relaxations enable the population of optically unaccessible states.
information about the excited states of the neutral. Four distinct features can be identified in the photoelectron spectrum shown in figure 3 . To ease the assignment of these, the well-known IP is used to construct the energy of the excited states above the ground state of the dimer. With reference to [18] , the agreement with the calculations is remarkable, considering that highly excited states are probed. One can identify three states of 3 + g symmetry, including the 3 3 + g state assigned to the absorption. Additionally, there is a peak around 4.9 eV, which pertains to photoemission from the D and E states ( 1 + g and 1 u , respectively) known from gas phase spectroscopy. The spacing between the two states is too small to be resolved in the photoelectron spectra. Similar non-radiative triplet to singlet relaxations have already been observed in the case of alkali dimers on the surface of helium droplets [5] .
The PE spectrum reflects the dynamics between the two absorption events. Starting with the initial excitation to 3 3 + g , other levels are populated on a time scale below 1 ns. In fact, the relaxation into lower lying states can be influenced by choosing the excitation energy as shown in the right panel of figure 3 . For lower photon energies, the probability of non-radiative transitions in nearby electronic states is suppressed, thus enhancing the contribution of the initial 3 3 + g level. This dependence indicates a relatively long lifetime of the 3 3 + g state when the influence of coupling to other states is reduced. More information about the dynamics in the excited levels can be obtained with the utilization of the pump-probe technique. In combination, one is able to selectively probe the relaxation dynamics of a given level. For PP-R2PES, one has to use a two-colour setup in order to distinguish directly between the one-and the two-colour signals without post-analysing the spectra. Photons of 4.66 eV from a frequency-quadrupled Nd-YAG laser system serve to perform the final ionization step. As an example, we studied the system by exciting at a photon energy of 3.874 eV (see figure 3) . Increasing the delay between the excitation and ionization pulses, one obtains an exponentially decreasing signal of the peak assigned to 3 3 + g . The measurement gives a lifetime of τ = (45 ± 2) ns. From this long lifetime, one can conclude that quenching due to the Ag 2 -helium interaction appears to be negligible.
Nevertheless, one has to consider the possible influence of the helium matrix on the whole excitation and ionization process. Compared to a gas phase experiment, the absorption spectra of metal atoms and small clusters in helium are often broadened. Due to the repulsive Pauli interaction of the valence electrons with the surrounding helium atoms, the impurity resides in a bubble cavity inside the droplet. An influence of the helium environment on a transition is expected when the size of the electron wavefunctions in the ground and excited states differs. Upon excitation, the electronic system of the embedded species may inflate and for that reason the size of the bubble cavity has to increase. This leads to a notable blue shift and a broadening of the absorption, hindering vibrational resolution. In our case, however, the electronic wavefunction of the lowest lying triplet state 1 3 + u is more extended when compared to the ground state X 1 + g due to the weaker bonding. Therefore, the shift and the broadening caused by the helium environment should be reduced with respect to the excitation from the singlet ground state. This is also supported by the good agreement of our experiment with the theoretical data as shown in figure 2 .
Up to now there have been only a few PES experiments on pure and doped helium droplets. Calculations [25] and recent measurements [26] predict that the formation of an electron bubble in liquid helium occurs on a time scale of picoseconds. Although photoejection is much faster, one could expect an influence on the emission characteristic of the emitted electrons as a function of the electron kinetic energy and of droplet size. Photoemission from pure helium nanodroplets have been studied at the advanced light source (ALS) by the group of Neumark [27] . At photon energies of 23.0 up to 24.5 eV, i.e. near the ionization threshold of the helium atom, it was found that the kinetic energy of the electrons is only in the order of 1 meV, indicating an indirect emission process. Drabbels and co-workers [28] studied aniline using the photoelectron imaging technique. Comparing to gas phase spectra, a broadening and slight shift of the photoelectron spectra were observed as a function of droplet size and explained by binary collisions of the electrons with helium atoms. Whereas the broadening appears to be a general property of the electron emission within the droplets, the shift is strongly dependent on the nature of the embedded molecule. In our recent studies on Ag 3 [14] and Ag 8 [13] , no evidence for a systematic shift of the IP within small droplets was found. This can be explained by the weaker interaction between silver molecules and clusters in comparison to aniline. Thus, the results presented in this contribution might also be valid for the free triplet silver dimer.
In contrast to the alkali dimers on the surface of helium droplets [29] , we do not expect a selection mechanism preferring the triplet states. The droplets also clearly contain dimers in the singlet ground state, as we can also excite the B 1 u ← X 1 + g transition known from the gas phase. The location of the silver dimers inside the droplets enables an efficient cooling which stabilizes the triplet ground state. The population of the two states is only governed by the random formation and the lifetime of the lowest lying triplet. The dimers are formed about 2 ms before entering the detection region. Therefore, the 1 3 + u state has to have a lifetime of at least a millisecond.
In conclusion, by combining R2PI and PES the optical and photoelectron spectra from Ag 2 embedded in helium nanodroplets have been measured. In comparison with the calculations, it was verified that the absorption of Ag 2 when excited at 4 eV results from dimers in the triplet states. The absorption as well as the features in the photoelectron spectra could be assigned. The excited state 3 3 + g of the silver dimer appears to be robust against non-radiative decay, and a lifetime of (45 ± 2) ns was determined.
